Abstract-Field experience has shown that subsynchronous oscillation and harmonic resonance can occur between wind farms (WFs) and high voltage dc (HVdc) systems. The oscillations can appear in the presence of background harmonics due to the interaction between the wind energy conversion system's (WECS's) converter controller, HVdc converter controller, and the impact of the interconnection system impedance. However, the root causes of these oscillations observed in the field are not entirely understood and they can be attributed to various sources within the components and controllers of the interconnected system. This paper explores the possible causes of these oscillations by investigating the impact of controllers and components in the WF and in the voltage-source converter (VSC)-based HVdc transmission system. In order to understand this phenomenon, the impedance of both the WF and the HVdc from the offshore ac collection point is analytically derived to identify potential resonance points. The impedance frequency responses of the WF and the HVdc converter indicate the potential resonance at low frequency. The origin of these oscillations can be attributed to the propagation of the WECS resonance through the WECS full converter dc link and the interaction between the WECS and the HVdc system. Once the source and the load impedance are identified, an impedance-based stability method is adopted in order to determine the stability. In an attempt to improve the oscillatory phenomena, an active damping scheme is implemented on the offshore HVdc rectifier. An analysis and time-domain simulation results with its respective harmonic spectra show that the implemented active damping is very effective in eliminating the oscillations observed in the interconnected system. Moreover, this paper presents the role of the ratio between the bandwidths of the interconnected areas, as having an essential role in the root cause of the instability. The general rule is observed that when the bandwidth of the HVdc rectifier (which is the source) is faster than the bandwidth of the load (WFs inverter); the system operates stably.
becoming larger as the installation moves farther offshore and it, thus, requires long transmission line to connect to the main ac grid [1] . High voltage dc (HVdc) transmission system is one feasible way to integrate the offshore wind power [2] [3] [4] [5] . The HVdc system has been dominated by line commutated converters; however, voltage-source converters (VSCs), which include two-level, multilevel [6] , and modular multilevel converters [7] , [8] , are increasing dramatically due to having superior system performance and controllability [9] .
The stability of the offshore wind power network connected through HVdc transmission line is a critical problem, since there is no direct connection at ac collection (ACC) bus to a strong ac grid. Field experience has shown that subsynchronous oscillation (SSO) and harmonic resonance can occur between WFs and HVdc systems [10] . The oscillations can appear in the presence of background harmonics and is arguably resulting from the controller interaction of the wind energy conversion system (WECS) converter controller and HVdc converter controller [11] . These SSO and harmonic resonance phenomena are reported by many researchers and different mitigation techniques are proposed [12] [13] [14] [15] [16] [17] [18] [19] [20] . These analyses are mainly for the WECS connected directly to the main ac grid or connected to main ac grid through HVdc system where WFs are represented by simple constant power source, neglecting the control dynamics of the wind turbine drive train. However, the root cause of these oscillations observed in the field is not entirely understood and they can be attributed to various sources within the components and controllers of the interconnected system.
In this paper, a full-scale type-four WECS is investigated, which is connected to the main ac grid through two-level VSC-based HVdc system. The system is shown in Fig. 1 . It has two WFs, which are connected to the ACC bus through offshore sea cable. The power is transferred to the grid through HVdc line. There is no rotating machine connected to ACC bus. The control architectures of the converters are as follows.
1) The ACC bus-side WECS converter regulates the dc voltage and reactive power of the WECS.
2) The WECS generator-side converter is a simple fullbridge diode rectifier [21] . The speed of the generator is controlled by means of controlling the dc-link current of the WECS. A dc-dc converter is used to regulate the dc-link current of the WECS, which inner control loop is the dc-link current control and the outer control loop is a speed control of the wind turbine generator (WTG).
3) The ACC bus-side offshore HVdc converter is used to control the ac voltage. In this case, an inner-loop current controller and an outer-loop voltage controller are also assumed. An active damping method is implemented for this converter. 4) The ac grid-side onshore HVdc converter regulates the dc-link voltage and reactive power. The operation of the interconnected system is found to be poor without the closed loop ac voltage controller at the ACC busside converter of the HVdc system. The system performance is improved when a closed-loop ac voltage control is used; however, an oscillatory phenomenon around 15 Hz is observed when the closed loop ac voltage control is introduced due to interaction of the control dynamics and the impact of the impedance on the system dynamics. In order to understand this phenomena, the impedance of both the WF inverter and the HVdc rectifier from the offshore ACC point is analytically derived and the impedance-based stability criteria, which is a simple method for analysis of a complex power electronicsbased power system [22] [23] [24] [25] [26] [27] , are adopted to analyze the stability of the interconnected system. Once the source and the load impedance are analytically obtained, the impedancebased generalized Nyquist stability criteria (GNC) are applied to predict the stability of the interconnected system [28] . The frequency-domain impedance characteristics both for the WF and the HVdc rectifier from the offshore ACC point are presented to identify the potential resonance points. The Nyquist plots of the impedance ratio of the HVdc converter to the WF indicate the potential resonances at low frequency. An active damping scheme is implemented on the current compensator of the offshore HVdc rectifier in an attempt to improve the oscillatory phenomena. An analysis and timedomain simulation results with its respective spectral analysis show that the implemented active damping is very effective in eliminating the oscillations observed in the interconnected system. The proposed active damping scheme can significantly reduce the magnitude of the source (HVdc rectifier) impedance at low frequencies, which improves the stability of the interconnected system. Moreover, this paper is introducing a discussion of the role of the ratio between the bandwidths of the interconnected areas, as having an essential role in the root cause of instability and in being a strong factor to be taken into account in the shaping of the impedances to maintain stability.
The rest of this paper is organized as follows. Section II describes the modeling and control of the HVdc system, which also includes the impedance modeling of the HVdc rectifier. Section III presents the modeling and control of the WECS. The stability analysis is presented in Section IV. Section V presents the method of mitigating the SSO. A discussion is included in Section VI. Finally, the results of this paper are concluded in Section VII.
II. HVdc SYSTEM MODELING AND CONTROL

A. System Configuration
The HVdc system shown in Fig. 1 consists of converter transformers, offshore HVdc rectifier (VSC-A), subsea dc cable, and grid-side onshore HVdc inverter (VSC-B). The VSC-HVdc system has a capacity of 200 MVA equivalents. The VSC-A behaves as a voltage source to the ac terminal and is connected to the ACC bus through a 145/200-kV, 50-Hz transformer with same rating as the converter. The VSC-B is connected to the main ac grid of 380 kV through a 200/380-kV, 50-Hz, 200-MVA transformer. The HVdc-link dc voltage is 400 kV and the length of the dc line is 200 km.
B. Analytical Modeling of VSC-HVdc
The electrical circuit of a VSC-HVdc converter for analytical modeling is shown in Fig. 2 , where L cA and R cA are the total series inductance and resistance of the converter, C fA is the filter capacitance, C dc is the dc-link capacitance, and L TA and R TA are the equivalent series inductance and resistance of the transformer. The modeling, analysis, and the control of the system will be presented in a synchronous reference frame (SRF). The transformation of the threephase quantity from stationary reference frame to SRF is based on the amplitude-invariant Park transformation, with the d-axis aligned with the voltage vector v oA and q-axis leading the d-axis by 90°. The dynamic equations of the converter in per unit (pu) can be given by [29] , [30] 
where
where ω b is the base angular frequency, ω 1 is the fundamental angular frequency in pu, m dA and m qA are the d-axis and q-axis modulation index, respectively, the variable s is used as the differential operator, s = d/dt, and the voltages and the currents are shown in Fig. 2 . The subscript " A " denotes the VSC-A.
C. Control of VSC-HVdc
The HVdc system converters have different control objectives depending on their location and system modeling. The point-to-point connection HVdc system used with the purpose of integrating WF must have the dc and ac voltage control objectives. The converter connected to the wind power-side ACC bus regulates the ac voltage and supplies the sinusoidal voltage to the ACC bus and the other converter connected to the ac main grid regulates HVdc-link dc voltage and the reactive power. In this paper, the focus is to study the interaction between the WECS and the ACC-side HVdc converter; therefore, the details of modeling, control, and the impedance model will be presented only for the ACC-side VSC HVdc, assuming that the dc voltage controller of VSC-B is providing constant dc voltage input to VSC-A.
The overview of the control structure of VSC-A is shown in Fig. 3 . An outer-loop PI controller is used to obtain the d-axis and q-axis current reference of VSC-A. A current controller is assumed to limit the current during abnormal operation. The reference current to the current controller i Ld,refA and i Lq,refA can be defined by
and PI controller transfer function is
where v od,refA and v oq,refA are the reference d-axis and q-axis voltage, respectively, and k pvac and k ivac are the proportional and integral gain of the PI controller, respectively. The inner-loop current controller shown in Fig. 3 is assumed to be the widely used SRF PI controller of the VSC with decoupling term. The modulation index references obtained from the current controllers, including the feedforward terms, can be given by
and i Ld,refA and i Lq,refA are the reference active and reactive current components obtained from the outer-loop controller, the current compensator transfer function is H iA = k pcA + k icA /s, k pcA and k icA are the proportional and integral gain of the current controller, respectively.
D. Impedance Modeling of VSC-A
In order to solve (1) for impedance in frequency domain, the modulating signal, m dqA , should be found as the functions of i LdqA and v odqA in the frequency domain. Applying linearization on (2) and (4) and after rearranging, the modulation index of VSC-A can be written as
Assuming the dc voltage controller performance of VSC-B is quite satisfactory and providing a constant dc voltage, therefore for simplification of analysis, it is reasonable to assume a constant dc voltage input to VSC-A. By doing this, we are ruling out any influence of background harmonics coming from the onshore grid. Now, linearizing (1) and inserting (5) give the impedance model of the HVdc rectifier VSC-A in dq-frame, and can be given by
where G PWM is the PWM delay and can be modeled as G PWM = 1/(1 + 1.5sT sw ) and T sw = 1/ f sw , f sw is the switching frequency, I is the 2 × 2 identity matrix, and V dc0A is the dc voltage at the operating point. The impedance model derived analytically is verified by numerical simulation. The impedance model [Z dqA ] 2×2 is derived in dq-domain, which is 2 × 2 matrix. A perturbation current (5% of rated ac base current) at different frequencies is applied, as shown in Fig. 4 , and the voltage is measured. The fast Fourier transformation (FFT) tool from SimPower System is used to analyze the different harmonic voltages and currents. The impedance is calculated by dividing the voltage by current at each frequency. Since the frequencies are referred to the dq-frame, the perturbation is transformed back to the phase domain in order to be compatible with the injection structure, as shown in Fig. 4 . The current controller is tuned based on the symmetrical optimum criteria [31] and is found to be H iA (s) = 0.6366 + 7.5/s in pu and the control-loop bandwidth is 400 Hz with 90°phase margin. The ac voltage controller proportional gain is kept as 0.5 in pu with a time constant of 12.5 ms for integral term and the control-loop crossover frequency is 185 Hz with 60°phase margin. The analytical and simulation impedances are shown in Fig. 5 and the parameters used for this system are given in Table I . The solid line is representing the predicted impedances and the circles show the results from the numerical simulation. Both analytical and simulation impedance magnitude and phase are in good agreement. If we neglect the PWM delay, the off-diagonal terms of the dq-frame impedances become zero analytically, since this converter does not have any phase locked loop (PLL) and the transformation angle for stationary abc to the dq is obtained from system fundamental frequency as θ 1 = t 2π f 1 dt, as shown in Fig. 3 .
III. WIND ENERGY CONVERSION SYSTEM MODELING AND CONTROL
A. System Configuration
The investigated system shown in Fig. 1 has two WFs, which are connected to an ACC point through a 25/145-kV transformer and 10-km-long undersea cable. The WTGs are assumed to be a full-scale type-four WECS, as shown in Fig. 6 . The detailed control of the wind turbine, including the pitch regulator and generator speed regulator, is presented in [32] . Each WF is assumed to have 28 turbines with 2 MW rating each. To simplify the system model, 28 turbines are lumped into one unit of 56-MW generation capacity.
B. Control of WECS
A full-scale converter system is utilized to transfer the energy produced by the wind turbine. In the generator side, a full-bridge diode rectifier is used, which simplifies the converter control interaction. It transfers the energy produced by the wind generator to dc side. A two-level VSC converter is used in grid side. In between these two ac-dc converters, a dc-dc converter is used to regulate the speed of the WTG by controlling the dc-link current of WECS.
The dynamic equation of the WECS grid-side VSC in pu can be given by
The current controller, as shown in Fig. 7 , is assumed to be the widely used SRF PI controller of the VSC with decoupling term. The modulation index references obtained from the current controllers can be given by
and defined
where i Ld,refw and i Lq,refw are the d-and q-axis current references, respectively; the current compensator transfer function is H iw (s) = k pcw + k icw /s, where k pcw and k icw are the proportional and integral gain of the current controller, respectively, and ω PLL is the frequency of the PLL in pu. A PI controller is used in the outer loop to control the dc-link voltage of WECS. The overview of the control structure is shown in Fig. 7 . The reference d-axis current to current controller i Ld,refw is defined by
where v dc,refw and v dcw are the reference and measured dc voltage of WECS dc link, respectively, H vdcw (s) = k pvdc + k ivdc /s, and k vdc and k ivdc are the proportional and integral gain of the dc voltage controller. The PLL is used to track the frequency [33] , which acts as a closed control loop. A second-order PLL is assumed, as shown in Fig. 8 and neglecting the dynamics of low-pass filter, the instantaneous frequency deviation δω PLL can be given by (11) and the angle difference
where PI controller transfer function gain of the PLL, respectively, θ PLL is the transformation angle of PLL, and θ 1 is the transformation angle at fundamental frequency. The frequency of PLL ω PLL can be found by adding the nominal frequency ω 1 with frequency deviation and is given by
and transformation angle can be found by
The transformation from stationary reference to dq-frame can be described as v s ow,αβ = e j θ 1 v ow,dq at grid frequency, and v s ow,αβ = e j θ PLL v PLL ow,dq at WECS converter PLL frequency. The relation between the grid and the converter dq-frame can be written by
and δθ P L L is assumed to be very small, which gives
Inserting this relation and applying Laplace transformation on (11), the PLL transfer function can be written by
The integral part of H PLL (s) is used to remove the quasisteady-state phase error and it appears when synchronous frequency deviates from its nominal value. In steady state, v oqw is zero, and H PLL = k p,PLL is sufficient to keep δθ PLL to zero. G PLL (s) is assumed to be a first-order low-pass filter. The bandwidth of PLL loop must be sufficiently small to reject the harmonic resonance [34] . By a rule, it should be ten times less than the inner current control-loop bandwidth [35] .
C. Impedance Model of ACC-Side WECS VSC
In order to solve (7) for impedance in frequency domain, the modulating signal m dqw should be found as the functions of i Ldqw and v odqw in frequency domain and also it is necessary to find the relation between the ac side and the dc side. An ideal lossless model is assumed for the converter. Therefore, power balance constraint between the dc side and the ac side can be given by
Assuming the output power of WECS constant for a particular wind speed, therefore, it can be written as
The relation between I o and v dcw including the dc-dc converter inductance can be written as
Linearizing (8) and (18) and inserting (19) , it can be written
The modulation index references in (9) are in the PLL reference. It is necessary to convert them into the system reference. The voltage and the current in system reference can be converted using transfer function of PLL derived in (17) and can be written as
and the modulation index in system reference can be given by
and define the modulation index at the operating point Now applying linearization on (7) and substituting (20) and (23) give the impedance model of the ACC-side WECS VSC in the frequency domain as
The impedance model [Z dqw ] 2×2 is derived in the dqdomain, which is a 2 × 2 matrix. This model is verified by numerical simulation. The same small-signal perturbation method as HVdc rectifier is applied to validate the impedance model. The analytical and simulation impedance is shown in Fig. 9 and the parameters for the controller and electrical circuit are given in Table II . The solid line is representing the predicted impedance and the one with circles is from the numerical simulation. Both analytical and simulation impedance magnitude and phase are in good agreement. In the analytical model, the delay caused by sampling and the antialiasing filter is neglected, which cause a little deviation in simulation in the off-diagonal elements.
IV. STABILITY ANALYSIS AND SIMULATION RESULTS
A. Impedance-Based Stability Analysis
The small-signal impedance model of the interconnected system is shown in Fig. 10 , where Z HVdc,ACC and Z W,ACC are the total impedance of VSC-A and wind turbine from the offshore ACC point, respectively. The subscript for the dq has been dropped in the equivalent circuit. Z HVdc,ACC in (25) is found together with the parallel connection of HVdc inverter output filter impedance and series connection of transformer impedance
In the abc frame, the transformer impedance is
and the filter impedance is
The impedance model of the converter is derived in the dq domain; therefore, it is necessary to convert the abc frame impedance into the d − q frame impedance, which can be given by
Z W,ACC in (30) is the impedance of the WF including impedance of the wind inverter output filter, transformer leakage inductance, and the ac cable impedance, where n is the number of WFs connected in parallel. The WFs are identical in structure and control, and two WFs are connected to the ACC bus; hence, n = 2
However, if the output power of the WFs differs from each other, it is necessary to calculate the impedance of the wind power inverter separately for individual operating point and the total impedance of the WFs can be calculated based on the parallel connection rule. Based on this representation in Fig. 10 , the response of the ACC bus voltage can be written as
For system stability studies, it is assumed that the following holds:
1) the ac voltage of VSC-A is always stable when unloaded; 2) the WECS current is stable when it is connected to stable source. Therefore, the stability of the interconnected system depends on the second term of right-hand side of (31) and the ACC bus voltage will be stable if and only if the impedance ratio Z HVDC,ACC,dq /Z W,ACC,dq , which can be defined as the minor loop gain of feedback control system as
meets the GNC [22] [23] [24] [25] [26] [27] [28] . The impedance ratio in the dq-domain is a 2 × 2 matrix; hence, multivariable Nyquist stability criteria need to be applied to determine the stability of the interconnected system. The off-diagonal elements have an important role on the stability [36] , [37] ; however, their impact can be neglected in some cases, for example, in the case when the converter operates in the unity power factor mode [38] , [39] , the matrix of the minor loop gain is diagonally dominant [40] . The diagonal elements of the HVdc rectifier impedance are ten times higher than the off-diagonal elements, and are diagonal dominant, as shown in Fig. 5 . The reactive power reference of the wind power inverter is zero, which means, the wind power inverter is operating in the unity power factor mode. Moreover, diagonal elements of the WF impedance seen from ACC bus are 10 dB higher than the off-diagonal elements and are diagonally dominant. Since the matrix (Z HVDC,ACC,dq Z −1 W,ACC,dq ) is diagonally dominant over the entire Nyquist path, the stability of the interconnected system can be determined by the d-axis and q-axis impedance ratios and the off-diagonal elements can be ignored.
B. Stability of HVdc System With No-Load and CPL
The first assumption is trivial and minimum requirements for an HVdc transmission system installed in the purpose of integrating WFs [11] , and it has been verified for two cases: with no-load condition (case 1) and by connecting a constant power load (CPL) (case 2). The power of the CPL is equivalent to the power of the WFs. Note that the WFs have been disconnected. The stability analysis has been performed by checking the Nyquist plot of the impedance ratio where the CPL load is simulated as Z W,ACC,dq and the Nyquist plot is shown in Fig. 11(a) . Since the Nyquist plots do not encircle the point (−1, j0), the HVdc system operates stably, which is further confirmed in time-domain simulation. There is no oscillation in both the ac side and the dc side of the HVdc rectifier. The input dc voltage of HVdc rectifier is constant; therefore, for simplification of analytical analysis, it is reasonable to replace the onshore dc voltage-controlled HVdc inverter by a dc voltage source and the onshore HVdc inverter controllers do not affect the analysis. However, if the HVdc system is unstable (for example, oscillatory behavior in the dc-link voltage) before connecting to the WFs, and then, it will be a stability problem of the HVdc system itself and it will not be an interaction phenomenon of the controllers of the WF inverter and the HVdc rectifier.
C. Stability of Wind Farm With Ideal Grid
The wind turbine model has a drive train based on two-masse model, a pitch control, and a speed regulator, which can introduce oscillation if they are not properly designed. Hence, the second assumption must be verified. In this paper, this assumption is verified by frequency-domain analysis and also by numerical simulation. To identify if there is any oscillation coming from the wind power inverters, the WFs have been connected to an ideal grid instead of the HVdc system. Fig. 11(b) shows the Nyquist plot of the impedance ratio for 10% and 100% wind power output where the HVdc system impedance is simulated by an ideal grid. The phase margin of the Nyquist plot of the d-axis impedance ratio is becoming smaller for the high wind power output, meaning that the stability margin is reduced, while the q-axis impedance remains the same, since the q-axis impedance does not depend on the active power [23] . Moreover, if the grid strength is reduced by increasing the grid impedance, the phase margin of the Nyquist plot becomes smaller, which decreases the stability margin of the system. The high output power causes high output current, which increases the losses and reactive power consumption in the system and can provoke the instability. Fig. 12 shows the Point of Common Coupling (PCC) voltages and currents of the WECS VSC, the WECS dc-link voltage, and the active power at PCC of the WECS inverter. The WFs system operates stably, and there is no oscillation either in the ac side or in the dc link of the WECS, which has confirmed that there is no intrinsic oscillation coming from the WFs. As shown in Fig. 12 , the wind power output is constant; therefore, the turbine mechanical control, including the generator and the diode rectifier, and the dc-dc converter can be replaced by a constant power source in the analytical formulations; hence, these assumptions on the generator-side converter and the dc-dc converter do not affect the results of the analysis. However, if the WFs become unstable in the ideal grid-connected mode, then the cause of the oscillation will not be an interaction problem of the WF inverter and the HVdc rectifier. It will be a stability problem of the WF itself.
D. Stability of HVdc System With Wind Farm
Now, the WFs have been connected to the HVdc system. Fig. 13 shows the d-axis and q-axis impedances of the HVdc rectifier Z HVDC,ACC,dq and the wind power inverter Z W,ACC,dq seen from the ACC bus. As can be seen, both the d-and q-axis impedances of the HVdc rectifier are equal, since the HVdc rectifier does not have any PLL and there is no coupling term in the converter itself. The first resonance point in the HVdc rectifier impedance is resulting from the integral term of the PI inner-loop current control and the outer-loop ac voltage controller and the second resonance is because of the LC L-filter. Similarly, the wind turbine inverter has a low-frequency resonance point in the d-axis, resulting from the cascaded dc voltage and current control; however, in the q-axis, there is no outer control, and thus, there is no resonant point similar to the d-axis impedance at low frequency. The next resonance is from the LC L-filter. The wind power inverter has also some other resonances at high frequency, which are caused by the ac cable. Fig. 14 shows the Nyquist plot of the impedance ratio Z HVDC,ACC,dq /Z W,ACC,dq for the d-and q-axis when the WFs produce 10% and 100% of rated power. As can be seen, the q-axis impedance ratio satisfies the GNC, and it does not encircle the point (−1, j0), which means that the interconnected system is stable for the q-axis input impedance ratio; however, the d-axis input impedance ratio encircles the point (−1, j0) regardless of the power level. Therefore, the interconnected system is unstable for the d-axis impedance ratio. As can be seen from the d-axis Nyquist plot, as shown in Fig. 14 , the impedance ratio intersects the unit circle several times. The first intersecting point is at around 14.5 Hz as shown in the d-axis impedance in Fig. 13 ; therefore, the system has one of the unstable eigenvalue with 14.5 Hz frequency and will have oscillatory behavior at around 14.5 Hz, which is caused by the resonance point introduced by the cascaded control loop of the HVdc rectifier and the wind power inverter. The q-axis HVdc impedance intersects the wind power inverter impedance several times, as shown in Fig. 13 ; however, the system is predicted to be stable by the GNC plot for the q-axis impedance, as shown in Fig. 14 . As shown in Fig. 14 , the system is unstable regardless of the power levels and it indicates that the instability phenomenon is caused by the controller interaction and not because of the power (energy) flow. There is no change in the Nyquist plot of the q-axis impedance, since q-axis impedances do not depend on the active power flow [23] .
At 50-Hz base, the bandwidth of the current control loop of the wind power inverter is assumed to be less than (0.2 × 2 kHz/50=) 8 pu. Applying modulus optimum criteria, the current controller is tuned at H iw (s) = 0.573 + 3.6/s in pu and the control-loop crossover frequency is 200 Hz with 90°p hase margin [31] . Since the current control loop is modeled as a low-pass filter and the high frequency is removed by the high-pass filter, the frequency around 14.5 Hz predicted in impedance characteristics has a significant impact on the system stability. The PLL PI controller transfer function is H PLL (s) = 0.0844 + 4.6908/s in pu and the control-loop bandwidth is 9 Hz. The system is unstably predicted by GNC, and even the bandwidth of the PLL of the wind power inverter is sufficient low to reject the low frequency.
To validate the small-signal analysis above, a detailed time-domain simulation model of the interconnected system, as shown in Fig. 1 , has been built with a detailed switching model of the VSC and the drive train of the WTG in the MATLAB/Simulink environment associated with the SimPowerSystem Blockset. Fig. 15(a) shows the resulting three-phase ac voltages and currents at ACC bus from time-domain response. The spectrum from FFT of them is also shown in Fig. 15(a) . It can be seen from the FFT that both the voltages and currents at ACC bus have low- frequency oscillation at around 35 and 65 Hz. As predicted from the d-axis Nyquist plot of impedance ratio, there is a low-frequency oscillation at 15 Hz, which is transformed into abc-frame as ±( f − f 1 ) [17] . The active power measured at the offshore ACC bus, the HVdc link dc voltage, and FFT of them are shown in Fig. 15(b) . Both the active power at ACC and the dc-link voltage of HVdc system are the dc quantity and have an SSO at around 15 Hz as predicted from the impedance model. This oscillation is noticed both for H PLL (s) = 0.0844 + 4.6908/s and H PLL (s) = 0.0844 + 0.0/s and results from the interaction between the HVdc rectifier and the wind power inverter.
This oscillation is moving toward the main ac grid through the HVdc link. The three-phase instantaneous voltages and currents, FFT of current, the measured active power, and the FFT of the active power at the onshore PCC of VSC-B are shown in Fig. 16 . No ac voltage oscillation is noticed at the onshore PCC of the VSC-B, since it is connected to a strong ac grid; however, the same frequency of oscillation 16 . Onshore side: three-phase instantaneous voltages and currents at PCC, FFT of current, measured active power, and FFT of active power at onshore PCC of VSC-B.
in the current and the power is identified. This oscillation is propagating from the wind power inverter and the HVdc system, as observed in Fig. 15 .
V. PROPOSED MITIGATION TECHNIQUE
A. Modified Control Bandwidth
The impedance of both the HVdc rectifier and the wind power inverter can be reshaped by modifying the bandwidth of the controllers. Thus, the impact of the control bandwidth of the HVdc rectifier and the WFs inverter on the stability is discussed below. Fig. 17 shows the Nyquist plot of the impedance ratio for a modified bandwidth of the HVdc rectifier controller as an example case where the current controller is tuned at H i A = 1.2366 + 7.5/s in pu and the control-loop bandwidth is 773 Hz with 90°phase margin, while the original bandwidth was 400 Hz. For this current control tuning, the bandwidth of the ac voltage control loop (which is the source) becomes 315 Hz with 65°phase margin and the bandwidth ratio of the source to the load (WFs inverter) becomes greater than 1 (case 2 in Table III ) while the original bandwidth ratio was less than 1 (case 1 in Table III ). As shown in Fig. 17 , the Nyquist plots do not encircle the point (−1, j0) ; hence, the system is stable, which is further confirmed by numerical simulation.
1) Impact of the Current Control-Loop Bandwidth of the HVdc Rectifier:
2) Impact of the AC Voltage Control-Loop Bandwidth of the HVdc Rectifier: An example case has been shown for the increased bandwidth of the source (the ac voltage control loop of the HVdc rectifier), while the current controlloop bandwidth remains the same. The source bandwidth is increased by increasing the proportional gain of the ac voltage controller to H vac = 0.75 + 40/s. The crossover frequency becomes 336 Hz with 50°phase margin and the bandwidth ratio of the source to the load becomes greater than 1 (case 3 in Table III ). The interconnected system operates stably, which is confirmed by checking the GNC plot and by numerical simulation.
3) Impact of the Current Control-Loop Bandwidth of the WFs Inverter: Another example case is shown for a decreased bandwidth of the wind power inverter to 100 Hz with 90°p hase margin, while the source bandwidth remains the same. For this tuning, the bandwidth ratio becomes larger than 1 (case 4 in Table III ) and the interconnection becomes stable, which is confirmed by the GNC and in the numerical simulation. 
4) Impact of the DC Voltage Control-Loop Bandwidth of the WFs Inverter:
Since the oscillation frequency is around 15 Hz, which is similar to the control-loop bandwidth of the PLL and dc-link voltage control, their participation in the oscillation has been investigated. First, we have checked the impact of the dc voltage control-loop bandwidth on the stability. Initially, the dc voltage controller is tuned with a crossover frequency of 25 Hz and 160°phase margin, and we observed the 15-Hz oscillation in the interconnection. Fig. 18 shows the Nyquist plots for different bandwidths of the wind power inverters dc voltage control loop. It has been observed that the higher the bandwidth of the dc voltage control loop, the more unstable the system becomes, while lower bandwidth makes the system stable but degrades the system performance significantly, which is not desirable. The bandwidth of the dc voltage control loop has no impact on the q-axis impedance, as shown in Fig. 18 . The interconnected system remains unstable for different bandwidths of the dc voltage control loop of the wind power inverter.
5) Impact of the PLL Loop Bandwidth of the WFs Inverter:
The interconnected system has now been investigated for different bandwidths of the PLL. The initial bandwidth of the PLL is 9 Hz with 46°phase margin for which 15-Hz oscillation has been observed. Fig. 19(a) shows the PLL loop gain and Fig. 19(b) shows the Nyquist plot of the impedance ratio for 0.1-, 9.25-, and 15.5-Hz PLL bandwidth for the tuning of case 1 in Table III . As shown in Fig. 19(a) , the PLL loop gains are stable with a sufficient phase margin; however, the interconnected system is unstable for the d-axis minor loop gain from Fig. 19(b) . The PLL bandwidth has an impact only on the q-axis impedance [23] ; therefore, the phase margin of the q-axis Nyquist plot is reducing for higher bandwidths of the PLL. On the other hand, the d-axis impedance remains the same for a change in the PLL bandwidth. Thus, the PLL is not participating in the observed oscillation, since the system is predicted to be unstable only for the d-axis Nyquist plot. Table III shows the source and the load bandwidth, the bandwidth ratio, and the stability from the bandwidth ratio of the interconnected system. From the above test, we have found that the interconnected system operates stably as long as the loop bandwidth ratio of the source-to-load becomes larger than 1. The ratio between the bandwidths of the interconnected Table III. areas has an essential role in the root cause of instability and is a strong factor to be taken into account in the shaping of the impedances to maintain stability. The control-loop bandwidth is limited by the switching frequency of the VSC; therefore, it is not reasonable to increase the bandwidth of the control loop, and on the other hand, the slower bandwidth decreases the system performance. Alternately, an active damping scheme in the current compensator of the HVdc rectifier can be used to remove the SSO. The detailed modeling and analysis of the proposed active damping scheme is described below.
B. Active Damping Scheme
The phase voltage at ACC bus, including the oscillatory components at different frequency in time domain, can be written as
where V corresponds to the magnitude of fundamental voltage at frequency f 1 , θ is the phase angle of three-phase voltage (0, 2π/3, 4π/3), and V f corresponds to the magnitude of voltages at different frequencies f f with phase φ f . In frequency domain, it can be written by (34) where V 1 = (V /2)e ± j θ and others follow the similar notation, and in the dq-domain, it can be represented by (35) [17]
The active damping is designed to suppress the oscillating term from (35) . The active damping is, based on injecting a voltage component of counter phase with detected oscillation in order to produce a cancelation effect, done with VSC-A adding the modulating signal to the reference voltage in (4). The oscillation is first isolated by high pass filtering and is then multiplied by a gain K AD . The high pass filter function is implemented by subtracting from measure voltage signals a low-pass filtered version of same voltages, as shown in Fig. 20 . The damping voltage reference is given by
and ω AD is the cutoff frequency of the applied low-pass filter. Including the active damping term, the modulation index references of (4) from the current controller can be written as follows:
and
The impedance-based stability analysis is adopted again to analyze the stability of the system with the proposed damping scheme. The impedance model derived in (6) for HVdc converter VSC-A is modified to include the damping term and is given by
The impedance model derived analytically is verified by numerical simulation and the result is compared with the impedance model derived in (6) for the case without the damping term. Fig. 21 shows the input impedance model verification of HVdc rectifier where k ad = 0 means that the active damping term is disabled and k ad = 0.5 means that the active damping term is enabled with a damping gain of 0.5. The cutoff frequency of the low-pass filter is set to 3.18 Hz. As can be seen, the propose active damping can significantly reduce the magnitude of the input impedance of HVdc rectifier, which means that it reduces the source impedance in (31) and extends the stability margin by increasing both phase margin and gain margin in GNC of the interconnected system. Nyquist plot of impedance ratio with an active damping gain of 0.5 for different wind power loadings. Fig. 22 shows the d-axis and q-axis impedances of the HVdc rectifier, Z HVDC,ACC,dq and the wind power inverter, Z W,ACC,dq seen from ACC bus including the active damping term. By comparing the case without damping term, as shown in Fig. 13 , the resonance point at low frequency in the HVdc rectifier can be effectively removed by reshaping the impedance and the HVdc rectifier impedance does not intersect the impedance of the wind power inverter at any frequency lower than 100 Hz. The remaining resonance point in the HVdc converter is resulting from the LC L-filter. Fig. 23 shows the Nyquist plot of the impedance ratio of the interconnected system. As can be seen, neither the d-axis nor the q-axis input impedance ratio of the HVdc rectifier and the wind power inverter encircles the point (−1, j0), which predicts that the interconnected system will be stable.
The stability analysis discussed is performed for an equilibrium point with 100% wind power output. However, it might not be valid for other operating points; therefore, it is necessary to perform the stability analysis for all possible operating points. In this analysis, the stability analysis is performed for various operating points from 10% to 100% wind power output power. Fig. 24 shows the Nyquist plot of the impedance ratio for two operating points at 40% and 100% wind power output with the active damping term for a case of comparison and the interconnected system is predicted to be stable for both power levels.
To verify the theoretical analysis, a detailed simulation model of the interconnected system, including the damping scheme in controller of the HVdc rectifier, has been built. The control structure, including the damping scheme, is shown in Fig. 3 . The active damping is implemented in such a way that it can remove all frequencies except around 50 Hz. The cutoff frequency of the low-pass filter is kept, such that the output of the filter is only the dc components of the offshore ACC voltage. The active damping gain can be kept from 0 to 1. The system is investigated with the active damping for a damping gain of 0.5. The time-domain simulations have been carried out for different operating points and the system is found to be stable for all operating points. The threephase instantaneous ac voltages and currents at the ACC bus from time-domain simulation are shown in Fig. 25(a) and the active and reactive powers at the ACC bus and the dc-link voltage of the HVdc system are shown in Fig. 25(b) . From the time-domain simulation, it is clear that the system is stable as predicted by theoretical analysis in the GNC plot of the impedance ratio (Fig. 23 ) and the proposed active damping scheme can effectively improve the oscillatory phenomena.
VI. DISCUSSION
Irrespective of the ability of the active damping to eliminate these oscillations, the understanding of the oscillatory phenomena at its source remains of crucial importance, since they not only decrease the power quality and cause poor system performance but can greatly impact the stability of the overall interconnected system. Even if the active damping scheme has been effective in suppressing the oscillatory phenomena in the case presented in this paper, the various configurations and controllers in real-life systems are not always known in detail due to confidentiality and industry secrecy. Therefore, further research efforts are needed in this field to better understand the implications of the different components and controllers in the manifestation of these oscillatory phenomena. It is often argued in the literature that controller interactions are the likely sources of these oscillations, but rigorous proofs of this claim have not been yet well reported. A very likely cause for this might simply be the lack of well-established tools for analyzing and proving interactions in multiconverter multicontroller power electronics systems. Among the tools available today and widely used in power systems research to analyze interactions between components and controllers of the system, the participation factor and sensitivity analysis tool is a good candidate. However, this tool will require a very detailed knowledge of every single parameter of the system under investigation.
Triggering the discussion on the need of such tools tailored for the complexity level of power electronics system and that can be less dependent on the very detailed knowledge of the system is also one of the aims of this paper. As evidence coming from field experience shows more and more the criticality of this problem on systems similar to the one investigated in this paper, the scientific community in this field will see new methods and tools for the stability analysis of these systems emerging in the near future.
VII. CONCLUSION
This paper presented a preliminary exploration of the possible origins of the SSO and resonances observed in the interconnection of a WF and a VSC-based HVdc system. The SSO and subharmonic resonance phenomena at low frequency are observed depending on the control implementation and components of the WF and the HVdc system. Analytical derivations of impedance frequency responses for both the WF and the HVdc were derived and potential resonance points were identified from the Nyquist plot of the impedance ratio. These resonance points are also observed in the form of oscillations in the time-domain simulations of the WF and the HVdc with their spectral analysis. A closer and step-by-step analysis of each component and controller of the WFs and the HVdc indicates the possible sources for these oscillations. The SSO originated in the ACC bus is arguably originated by the interaction between the WECS inverter controller and the HVdc rectifier. For testing the impact of controllers in mitigating the observed oscillations, this paper proposed an active damping scheme in the current compensator of the HVdc rectifier to improve such oscillation phenomena. The detailed analytical modeling of the damping scheme has been presented and the performance of the active damping scheme has been verified by time-domain simulation. The oscillations are effectively eliminated with the active damping scheme.
